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I. INTRODUCTION 
Synthetic aperture radar (SARI (1,2] is a side-looking sensor capable of 
very fine along-track resolution. This characteristic, in addition to its 
all-weather monitoring capability, makes it an attractive inst:ument for 
generating space imagery. A SAR typically operates in a spectral region 
(1-10 GHz) that complements most optical scanners (LANDSAT). 
the subsurface sensing depth is much greater and the reflectance properties 
of imaged terrain objects are different [ 3 ] .  
complementary set of ''terrain sigqatures" that when registered with other 
spectral data can greatly facilitate the interpretation of reuotely sensed 
imagery. But before multisensor data can be properly registered, the various 
types of distortion inherent in SAR imagery must be quantitatively analyzed. 
This requires an understanding of the properties of the sensor as well as the 
data Grocessing system used in the image formation. 
In this region, 
A S A R  will therefore collect a 
The production of quality imagery from spaceborne SAR dats. reqtrires 
extensive processing of the raw echo data. This procedure is more complex 
than previously used for aircraft SAR imagery due to the large i:.crease in 
sensor altitude. The correlation procedure must compensate not only for 
undesirable spacec- :ft motion, but also for target motion resulting from 
Earth curvature and rotation [ 4 , 5 ] .  To simplify this procedure, 
approximations arz o f t e n  made that can resilt in both geometric and 
radiometric distortion i n  the image product. Furthermore, t h e  viewing 
geometry of the SAK and the characteristics of the data collection system 
w i l l .  a l s o  introduce distortion into the imagery. 
imagery with cther types of remotely sensed imagery requires the 
Precise registration of S A k  
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identification of these distortions and the development of post-processing 
cechniques to rectify them. Furthermore, considering the large quantity of 
data, it is desirable that these pv+-processing techniques be automated and 
designed to itterfacr! directly with the image processor to generate a 
geometrically and radLometricalLy correct product without supervision or 
operator interaction. 
0 
This paper wili summarize what is currently known about these 
distortions and describe the develcpment to date of unsupervised 
post-processing rectification techniques. 
eivided into two crtegories. 
derived from the radar viewing geometry. 
ground range nonlinearities, rada- foreshortening and radar layover. The 
second category consists of distortions introduced during the data 
processing. 
correlation such as in estimation of the taiget phase history, or 
compensation for the earth rotation. 
obviously depend on the specific correlation algorithm used for image 
fornition. 
resulting from assumptiocs during the processing and it specifically 
considers distortions inherent in digital imagery produird by the digital 
image processor at JPL L61. 
The geometric distortion can be 
The first catagory consists of distortion 
This includes such effects as 
These distortions result from approximations made during the 
The processor induced distorclons will 
This paper generally addresses the effects on the image ,roduct 
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II. SAR REVIEW 
This  s e c t i o n  i s  intended as a b r i e f  t u t o r i a l  on S A R  s y s t e m  
c h a r a c t e r i s t i c s  and processing techniques.  Basic s y s t e m  parameters  are 
introduced t h a t  are r e l e v a n t  t o  understanding t h e  senso r  and p rocesso r  
induced d i s t o r c i o n  t o  be d i s c c s s e d  i n  subsequent s e c t i o n s .  
r e a d e r s  w i l l  f i n d  a n  e x c e l l e n t  i reatment  of  v a r i o u s  c h a r a c t e r i s t i c s  of  SAR i n  
I n t e r e s t e d  
a r e c e n t l y  publ ished c v l l e c t j o n  of papers  [ ' I .  
2.1 SAR Sensor C h a r a c t e r i s t i c s  
The viewing geometry for a SAR i n  t h e  imaging mode i s  i l l u s t r a t e d  i n  
Figure 1. 
energy i n  t h e  form of p u l s e s  and r e c e i v i n g  t h e  backsca t t e red  s i g n a l .  
d a t a  i s  e i t h e r  recorded on f i l m  i o r  l a t e r  o p t i c a l  p rocess ing  or i s  
t ransmitced on a dovi i l i rk  t o  a t r a c k i n g  s t a t i o n  where i t  i s  d i g i t i z e d  and 
recorded on h igh -dens i ty  t a p e  t o r  d i g i t a l  processing.  
d i r e c t i o n  i s  normal t o  t h e  f l i g h t  pa th  and i t s  o r i e n t a t i o n  with r e s p e c t  t o  
ihe s p a c e c r a f t  i s  norrdaliy i i x e d .  ltro important s y s t e m  parameters  a r e  t h e  
antenna look  a n g l e e ,  de f ined  as  t h e  ang le  - f  t h e  antenca beam v i t h  r e s p e c t  
t o  n a d i r  d i r ec t iLa , and  t \e  s l a n t  range K, t h e  distirnce from t h e  senso r  t o  t h e  
imager( t a r g e t  area.  
s p a c e c i a f t  a l t i t u d e  11, determine t h e  c ros s - t r ack  dimension of t h e  r a d a r  
t 00 t p r i t i  t . 
The senso r  moves along a predetermined o r b i t  t r a c k  r i d i a t i n g  
Th i s  
The antenna p o i n t i n g  
The r a d a r  antenna range beamwidth p and t h e  r 
l h e  r ada r  trarismLtLer i s  t y p i c a l l y  designed t o  o p e r a t e  i n  a frequency 
region b e t w e e n  L-band and  X-band, t h u s  p e r m i t t i n g  cloud and fog p e n e t r a t i o n .  
lhe p u l s e  r e p e t i t i o n  frequency (PKFj of  t h e  r ada r  a n d  t h e  s p a  - r a f t  v e i o c l t y  
determint  the aziniuih ( a lond- t r ack )  r e s o l u t i o n .  T h i s  i s  t y p i c a l l y  designed 
t o  be s e v e r a l  times h ighe r  t han  t h e  range ( c ros s - t r ack )  r e s o l u t i o n  so t h a t  
t h e  azimuth r e t u r n  can be  d iv ided  int:, several looks f o r  incoherent  summation 
t o  reduce t h e  speck le  noise .  
s p e c t r a l  bandwidth t f  t h e  t r a n s m i t t e d  pulse .  
waveform are t y p i c a l l y  used t o  achieve t h e  maximum r e s o l u t i o n  f o r  a givec 
l e v e l  of t r a n s m i t t e r  power [ a ] .  During t h e  image p rocess ing  t h e s e  p u l s e s  
must be compressed t o  a poinL rtspouoe. 
both reduced r e s o l u t i o n  and range s i d e l o b r s  i n  t h e  imagt. 
The range r e s o l u t i o n  i s  determined by t h e  
Coded p u l s e s  auch as a c h i r p  * 
I m y r f e c t  compression can  r e s u l t  i n  
2.2 SAR Processor C h a r a c t e r i s t i c s  
P rocess ing  raw echo iicta i n t o  f i n i s h e d  imagery e s s e n t i a l l y  c o n s i s t s  of 
t h e  fol lowing f o u r  steps (15) : 
(1) Range p u l s e  compression; 
( 2 )  Doppler parameter e s t i m a t i o n ;  
( 3 )  Azimuth c o r r e l a t i o n ;  and 
( 4 )  Speckle reduct iox.  
2.2.1 Range Pu l se  Compressioit 
T h e  purpose of t h i s  step i s  t o  compress t h e  time d i s p e r s e d  r a d a r  
t r a n s m i t t e d  p u l s e  i n r o  an impulse. 
waveform typica1;y used because of i t s  focusing c a p a b i l i t y  i n  an o p t i c a l  SAR 
processor .  
t r  insmission of a wide-band p\ iJse  and u s e  of t h e  d a t a  processor  t o  comFress 
t h i s  pu l se .  The range r e s o l u t i m  can be .ipproximated by 
A c h i r p  f d n c t i o a  is t h e  r a d a r  p u l s e  
The key t o  a t t a i n i n g  a n  adequate s i g n a l - t o ?  ' ,e r a t i o  i s  
ORIGINAL PAGE \S 
OF BOOR QUALln 
where c i s  t h e  spezd  o f  l i g h t  and W is t h e  p u l s e  bandwidth.  
require:, u n u s u a l l y  l a r g e  pulse compress ion  ra t ios  compared w i t h  a i r c r a f t  
r a d a r  t o  a c h i e v e  f i n e  image q u a l i t y .  
Spaceborne SA!! 
2.2.2 Doppler  Pa rame te r  E s t i m a t i o n  
Format ion  of t h e  s y n t h e t i c  a p e r t u r e  i s  c r i t i c a l l y  dependent  on  a c c u r a t e  
This phase  e s t i m a t i o n  of  t h e  phase  d e l a y  h i s t o r y  of t h e  r e t u r n  echo  s i g n a l .  
d e l a y  c a n  be approximated by [9] 
+ ( t j  = 4 ( 0 )  + 2n t t + 1. i t’) ( d  2 d 
where +(O) i s  the phase  a t  t=O, f d  is  t h e  Doppler  f requency  s h i f t  o f  t h e  
ech i  d a t a s a n d  i 
f d  ,:id f p a r a m e t e r s ,  
d a t a .  Lf dii a c c u r a t e  ephemer is  is  n o t  a v a i l a b l e ,  t h e s e  estimates c a r  be used  
a s  i n i t i a l  p r e d i c t s  ana  f u r t h e r  r e f i n e d  by e v a l u a t i o n  o f  c e r t a i n  
c h a r a c t e r i s t i c s  i n  t h e  r e s u l t a n t  imagery. Details of  t h e s e  r e f inemen t  
t e c h n i q u e s ,  ternied autofocusip.g :dr f and c l u t t e r l o c k  f o r  f c a n  be 
found i n  tce l i t t r a t u r e  [9,11)]. 
is t h e  b o p p l e r  r a c e ,  b o t h  e v a l u a t e d  a t  t = O .  These two 
c a n  be  esLin:ated based  o n  t h e  o r t i t  qnd a t t i t u d e  
d 
d ’  
d d’ 
2 . 2 . 3  Azimuth C o r r e l a t i o n  
One of t h e  pr imary f e a t u r e s  of SAR is i t s  v e r y  h i g h  . s o l u t i o n .  / z  
p r e v i o u s l y  d i s c u s s e d !  f i n e  r acge  r e s o l u t i o n  i s  ach ieved  by t r a n s m i s s i o n  of a 
d i d e  bandwidth p u l s e  and compress ion  of  t h i s  p u l s e  i n  t h e  d a t a  p rocesso r .  A 
h igh  azimuth r e s o l u t i c n  i s  ach ieved  by c o h e r e n t  p r o c e s s i n g  of ecbo  datL fro& 
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succtissive r a d a r  pulses .  The azimuth co:re!ction o p e r a t i o n  e s s e n t i a l l y  
s imula t e s  a very narrow e f f e c i i v e  beamwidth i n  t h e  azimuth d i r e c t i o n  by 
cohe ren t ly  adding t h e  r e t u r n s  of  s e v x a l  r a d a r  echoes. 
performdd on range compresszd d a t a  and in\r.'.ves s h i f t i n g  ;he p!.sse r e f e r e n c e  
f u n c t i o n  given i n  (2 )  and summing thc r e s u l t a n t  d e t e c t e d  r c k , ~  d a t a .  
This o p e r a t i o n  is  
The  complexity of t h e  azimuth c o r r e l a t i o n  i s  inc reased  by t h e  range 
m i g r a t i o n  of t h  
migratioti  c o n s i s t s  of a range walk t e r m  which Is d i z e c t l y  propzztLC~ri :  t o  t h e  
e l apsed  along-track t ine and a range c u r v a t u r e  term, which is prQpcr t iona1  t o  
t h e  square of t h e  a long-track t i m e .  
t a r g e t  t r a n s v e r s e s  may range r e s o l u t i o n  t lement s, t h e  i i :>ut  d a t a  i s  resampled 
b e f o r e  ' h e  phase r e f e r e n c e  f u n c t i o n  i s  appi i r  J. 
r e t u r n  f r o n  each pu l se  over  t h e  l eng th  of t h e  s y n t h e t i c  ?qerture i s  summed t o  
o b t a i n  a r e f i n e d  estimate of  t h e  t a r g e t ' s  b r igh tness .  
added e v e r  t h e  full a p e r t u r e ,  a s ingle- look f u l l  r e s o l u t i o n  image is 
produced. 
reduced r e&o?u t ion  images are produced. For examTle, twc single- look images 
can be prodcced by d i v i d i n g  t h e  phase r c i e r e n c e  f u n c t i o n  i n  h a l f  and 
processinq t h e  f i r s t  and second p o r t i o n s  of t h e  t a r g e t  response ctpa?:ctely. 
The s ingle- look images a r e  then  added incohe ren t iy  a6 d i s c r i b e d  i n  t h e  nex t  
s e c t i o n  t o  o b t a i n  a mult iple- look sage. 
t a r g e t  as i t  pas ses  through t h e  antenna besl. -;lis 
To compznsate for t h e  L - C L  t h a t  t h e  
A f t e r  pkase  a e t e c t i o n ,  t h e  
I f  t h e  r e t u r n s  are  
If t h e  a p e r t u r e  i s  divided i n t o  s e c t i o n a ,  s e v e i q l  single-1001. 
2.2.4 SFeckle Reauction 
Cot.-rent processing of rcdar echo d a t a  i s  used  t o  acnieb.- ver:' f i n e  
along-ti ; k  r e s o l u t i o n ,  but L h i s  same proceri.cing a l s o  makes t h e  ;~i!,*ges 
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suscept ib le  t o  speckling e f f e c t s .  Basical ly ,  speckling r e s u l t s  from 
s c a t t e r i n g  of notumiformly d i s t r i b u t e d  r e f l e c t o r s  wi th in  a r e so lu t ion  c e l l  
during the  period t h e  cell  is within t h e  antenna beam. 
s igna l  dependent and the re fo re  a c t  l i k e  mul t ip l i ca t ive  noise.  
speckle suppression e s s e n t i a l l y  f a l l  i n t o  two main ca tegor ies :  
= -:era1 reduced r e so lu t ion  images produced from independent looks; and 
i> f i l t e r i n g  a fu l l - r e so lu t ion  single-look image t o  smooth t h e  speck le .  
The speckles art? 
Techniques f o r  
1) averaging 
The muliiple-look overlay technique i s  t y p i c a l l y  used for image 
production because it  can achieve a s a t i s f a c t o r y  l e v e l  of spectcle reduction 
with a minimal amount of add i t iona l  canputat ion [ll]. 
looks, t h e  phase reference funct ion is  divided i n t o  segments during azimuth 
cor re la t ion .  
r e tu rn  echo da ta  t o  produce a reduced r e so lu t ion  single-look image of t h e  
t a r g e t  area. 
produce a multi-look product with reduced speckle noise.  
To produce mul t ip le  
Each segment is appl ied t o  t h e  appropr ia te  por t ion  of t h e  
The s i n g l e  look imagery i s  then r eg i s t e red  and averaged t o  
The speckle can a l s o  be reduced by f i l t e r i n g  a single-Look h igh  
reso lu t ion  image [12]. Smoothirrg algorithms have been devised based on t h e  
l oca l  s t a t i s t i c s  of t h e  noise.  
g rea t e r  speckle reduction f o r  a given reso lu t ion  product then t h e  
multiple-look overlay technique, but  because of t he  add i t iona l  computational 
Load, t h i s  approach is not  f e a s i b l e  for la rge-sca le  image production. 
I n  general ,  these  f i l t e rs  can achieve a 
c- - -5 
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111. GEOMETKIC DISTORTION 
SAK ilnagery i s  s u b j e c t  t o  several t y p e s  of geomet r i c  d i s t o r t i o n  t h a t  
must be c o r r e c t e d  t e f o r e  t h e  imagery c a n  be p r o p e r l y  r e g i s t e r e d  w i t h  o t h e r  
s e n s o r  d a t a .  These d i s t o r t i o n s  can b e  c l a s s i f e d  i n t o  two main c a t e g o r i e s :  
1) s e n s o r  d e r i v e d  d i s t o r t i o n ,  and  2) p r o c e s s o r  d e r i v e d  d i s t o r t i o n .  
3.1 Sensur  Derived D i s t o r t i o n  
The geomet r i c  d i s t o r t i o n s  c a s s i f i e d  i n  t h i s  ca t e f ,o ry  are mainly d e r i v e d  
Design pa rame te r s  such  as t h e  sensor from t h e  viewing geometry o f  t h e  r ada r .  
a l t i t u u e ,  look angle ,and  r ange  beamwidth are c r i t i ca l  i n  de t e rmin ing  t h e  
deg ree  o f  d i s t o r t i o n  i n  t h e  imagery. 
r e q u i r e d  t o  correct t h e s e  d i s t o r t i o n  e f f e c t s .  
In  most cases, p o s t p r o c e s s i n g  w i l l  be  
3.1.1 Ground Range N o n l i n e a r i t y  
Pe rhaps  t h e  most predominant  d i s t o r t i o n  i n  a spaceborne  S A R  image i s  t h e  
T h i s  e f f e c t  r e s u l t s  from t h e  f a c t  t h a t  e a c h  p i x e l  ground r ange  n o n l i n e a r i t y .  
r e p r e s e n t s  a c o n s t a n t  s l a n r  r ange  d i s t a n c e  r a t h e r  t h a n  uiiiform ground 
spacin,. 
rar.gr p r o j e c t i o n .  F e a t u r e s  i n  t h e  n e a r  r ange  o f  a s l a n t  range image a r e  
compressed w i t h  respect t o  t h e  f a r  range. For example,  a c i r c l e  i n  t h e  f a r  
range  would have t h e  appearance  of a n  e l l i p s o i d  i n  t h e  ne.ir range  o t  t h e  
imagtp. To p r o j e c t  t h e  iL.,dge i n  a ground range  f o r r u t ,  t h e  ground d i s c a n c e  
represer . ted by e a c h  p i x e l  A,, t h e  s l a n t  range  p r o j e c t i o n  m u s t  be de termined  
t run1 
F i g u r e  2 i l lus t ra tes  t h e  t y p e  o f  d i s t o r t i o n  i n h e r e n t  i n  a s l a n t  
where L r  i s  t h e  s l a n t  range p i x e l  spacing and 4 is t h e  inc idence  a n g l e  of t h e  
r a d a r  beam a t  t h e  target. lhe s l a n t  range spacing is c o n s t a n t  and is g iven  by 
C 
Ar - 
S 
f 
where c is t h e  speed of l i g h t  and fs i s  t h e  sampling frequency. 
maximum frequency is l i m i t e d  by t h e  range bandwidth. For SEASAT SAR, t h i s  
frequency w a s  45.53 MHz producing a s l a n t  range spac ing  of 6.59 m. 
The 
The incidence a n g l e , + ,  can  be r e l a t e d  t o  t h e  beam e l e v a t i o n  a n g l e , e ,  
by t r i g o n o r i t r i c  means as fo l lows  (Figure 3) 
where R is t h e  r a d i u s  of t h e  e a r t h ,  H is &he  s p a c e c r a f t  h e i g h t  a n d e ,  the 
look ang le ,  is  g iven  by 
e 
( 4 )  
The r e l a t i o n s h i p s  f o r  4 and 8 i n  ( 5 )  and (6) 
smooth s p h e r i c a l  s u r f a c e  wi th  a r a d i u s  eqilal  t o  the r a d i u s  of t h e  e a r t h  a t  
t h e  t a r g e t .  Since t h e  incidence ang le  i s  a func t ion  of t h e  t e r r a i n ,  equa t ion  
( 5 )  i s  ony approximate f o r  a rough su r face .  Th i s  could r e s u l t  i n  a n  e r r o r  i n  
t h e  ground range p r o j e c t i o n .  
have been de r ived  assuming a 
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3.1.2 Radar F o r e s h o r t e n i n g  [ 131 
Radar f o r e s h o r t e n i n g  is t h e  variation i n  a p p a r e n t  s ize  of i d e n t i c a l  
The e f f e c t  f o r  f e a t u r e s  a t  d i f f e r e n t  s l o p e s  w i t h  r e s p e c t  t o  t h e  sentior. 
t e r ra in  s l o p i n g  toward t h e  r a d a r  is an increase i n  t h e  e f f e c t i v e  i n c i d e n c e  
angle. 
respect to  t e r r a i n  s l o p i n g  away f rom t h e  sensor. 
F igu re  4. S i n c e  t e r r a i n  f e a t u r e s  are reco rded  as a f u n c t i o n  o f  t h e  s l a n t  
r ange  d i s t a n c e  from t h e  s e n s o r ,  slope ab is mapped i n t o  a ' b '  i n  t h e  image 
p l a n e  u h i l e  bc  i s  mapped i n t o  b 'c ' .  
l e n g t h ,  b ' c '  w i l l  be  more t h a n  t h r e e  times l a r g e r  t h a n  a ' b '  i n  t h e  image. 
Q u a n t i t a t i v e l y  s t a t e d  t h e  e l o n g a t i o n  (or  s h o r t e n i n g )  factor i 3  g i v e n  by 
T e r r a i n  s l o p i n g  toward t h e  r a d a r  w i l l  t h e r e f o r e  a p p e a r  e l o n g a t e d  w i t h  
T h i s  is i l l u s t r a t e d  i n  
Although a b  and bc  are i d e n t i c a l  i n  
h3' - s i n  ( 8 -  a ' b '  a b  7 
where 13 
angle similar t o  t h e  terrain slope, t h e  f o r e s h o r t e n i n g  r t i e c t  is most seve re .  
is  t h e  s u r f a c e  s l o p e  and 8 is  t h e  look  ang le .  Thus for  a l o o k  
S 
Thc f o r e s h o r t e n i n g  can  be  c o r r e c t e d  i f  t h e  r a d a r  a l t i t u d e  and look angle  
are  known and a t e r r a i n  map oi t h e  t a r g e t  area is a v a i l a b l e .  One t echn ique  
t o  c o r r e c t  t h e  fDreshor t en ing  i s  a s  follows ( 1 4 1 :  A d i g i t a l  t o p o g r a p h i c a l  
map i s  i l l u m i n a t e d  f r o m  t h e  same angle t h a t  t h e  r a d a r  used t o  g e n e r a t e  t h e  
o r i g i n a l  f o r e s h o r t e n e d  image. T h i s  can  be r o u t i n e l y  done u s i n g  a r a d a r  
s i m u l a t i u n  program. 
image is r cco rd rd .  This image is t h e n  r e g i s t e r e d  t o  t h e  ac tua l  r a d a r  image: 
The r e s u l t a n t  movement of each  p i x e l  i n  t h e  s imula t ed  
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and t h e  i n v e r s e  of  t h i s  movement i s  app l i ed .  
p rocess  is shown i n  Figure 5. 
f e a t u r e s  becoines r e a d i l y  apparc'tt.  
producing a n  inage without  fo re shor t en ing ,  i s  a t e d i o u s  p rocess  which 
r e q u i r e s  e x a c t  r e g i s t r a t i o n  o f  t h e  s imula t ed  image w i t h  t h e  a c t u a l  r a d a r  
image. 
t h e  imaged area which may n o t  be a v a i l a b l e .  
The r e s u l t  of t h i s  t ype  of 
Note t h a t  t h e  presence of  c e r t a i n  g e o l o g i c a l  
T h i s  technique,  a l though  capable  of 
I n  a d d i t i o n ,  t h i s  technique r e q u i r e s  a p r i o r i  terrain information f o r  
3 .1 .3  Radar Layover [131 
Radar layover  is a d i s t o r t i o n  i n h e r e n t  in a l l  r a d a r  imaging of irregular 
It r e s u l t s  from a n  image p i x e l  be ing  placed i n  i ts  c r o s s - t r a c k  t e r r a i n .  
l o c a t i o n  based on i t s  range from t h e  sensor .  
f e a t u r e s  w i t h  s t e e p  s l o p e s ,  t h e  t o p  o f  t h e  f e a t u r e  c a n  be  a t  a closer range 
t h a n  t h e  bottom. This e f f e c t  i s  shown i n  F igu re  6. It is  e s p e c i a l l y  severe 
when f e a t u r e s  o f  apprec i ab le  l e v e l  r e l i e f  appe6r i n  t h e  n e a r  r ange -  
I f  t h e  t a r g e t  area c o n t a i n s  
3.1.4 E a r t h  Ro ta t ion  
The e a r t h  r o t a t i o n  e f f e c t  i s  common t o  s a t e l l i t e  scanning s y s t e m s  where 
t h e  s c a n  l i n e s  are ga the red  s e r i a l l y  i n  t i m e  while  t h e  e a r t h ' s  Surface iS 
r o t a t i n g  d u r i n g  t h e  imaging per iod.  T h i s  results i n  t h e  n e a r  edge of t h e  
image being skewed wi th  respect t o  the  n a d i r  t r a c k  of t h e  s a t e l l i t e  as shown 
i n  Figure 7a. This  e f f e c t ,  known as range w a l k  o r  range m i g r a t i o n  can  be 
compensated by reSampiing t h e  echo d a t a  d u r i n g  t h e  image processing.  
Figure 7b shows t h e  outli t i t? of a n  image frame a f t e r  daia resampling t o  
compensate f o r  t h e  range w a l k .  The  s t a i r s t e p  edge is a n  a r t i f a c t  of t h e  
multiple-Look overlay p rocess  and does no t  r e s u l t  i n  any d i s c o n t i n u i t i e s  
w i t h i n  t h e  frame. 
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3.2 Processcr Derived Distortion 
The distortions generated during image formetion are obviously dependent 
on the specific processing algorithm. 
determining the phase reference function will result in a skewed image. 
sectior. 
Generally, approximations made in 
This 
discusses some typical approximations and the  resultant distortions- 
3.2.1 Earth Curvature and Rotation 
i n  the previous section, the range walk effect that results from the 
Earth rotation was described. 
curvature can also result in an image skew in the azimuth direction. 
skew occurs during the image formation process. 
process raw echo data into imagery the Doppler frequency and frequency rate 
must be aetemined. The rotation and curvature of :ha earth, however,result 
in a coaplex Doppler response that is a function not only o t  target latitude 
but also depends on target position within the swath. 
frequency as a function of swath position and latitude is s! MI in Figure 8.  
It is extremely difficult to design a processor that adapts to the varying 
frequency without introducing reduced image resolution resulting from 
misregisrration during the multiple-look overlay. 
precise tracking of the Doppler frequency during the processing, an optimum 
f is selected for the entire image frame and *e resultant skew is 
corrected in the post-processing. 
mismatch is essentially in the azimuth direction as shown in Figure: 9. 
amount ot skew is dependent on the ditference between the actual Doppler 
response of each target anJ the f d  used in the processing and is given by 
This rotation in conjunction with the Earth 
This 
As previously discussed, to 
A plot of Doppler 
As an alternative to 
d 
This skew resulting from the Doppler 
The 
A f d  PRF 
ANaz f, T 
175 
d where YRF is the pulse repetition frequency, L is the number of looks, A f  
is the Doppler frequency mismatch, fd is the Doppler rate and AN is the 
azimuth displacement in pixels. 
nearly linear, a linear correction can be used to deskew the image. 
1 W k m  swath vidth as in SEASAT S A R ,  a typical skew is ANaz = 150 pixels or 
2.5 karhich corresponds to a skew angle of 1.5 degrees. 
az 
Note that since the iso-Doppler lines arr’ 
For a 
3.2.2 Sensor Parameter Shift 
The eccentricity of the spacecraft orbit requires adjustment of the 
sensor parameters at certain intervals during the orbit. This can result in 
either a discontinuity, or variation of the pixel resolution within an imaGe 
frame. A sharp discontinuity in the image results from a shift in the delay 
of the pulse samp 
collection system 
sampled echo data 
ing window. 
to maintain tire optimum signal-to-noise ratio in the 
This parameter shift is made in the data 
If the rulse sampling wir:dow were not adjusted as the 
spacecraft altitude changed, this window would not center on the portion of 
the signal with the strongest return and the resulting imagery would be 
degraded. The effect on an image produced from data collected during a 
sampling window shift is to displace one part of the image in rauge with 
respect to the other, resulting in a line of discontinuity across the frame. 
Another parameter requiring adjustment based on variatioii in the 
The PRF is spacecraft orbit is the pulse repetition frequency (PHF). 
adjusted to prevent pulse mixing or range ambiguities. An upper limit OIL the 
PRF is set  t o  avoid interference between successive pu!ses. This limit is 
dependent on the range swath width which is in turn a function of spacecraft 
altitude. A lower limit on the PKF is determined by the resolution and 
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azimuth ambiguity requirements. 
spacecraft orbit. 
according to variation in the spacecraft height. Certain frames therefore 
may contain pixels of mixed resolution if the PRF was adjusted during that 
frame's data collection period. 
This bound is also dependent on the 
To keep the PRF within these bound&, it must be adjusted 
3.3 Radiometric Characteristics 
Registration of a SAR image to an optically sensed image: or another SAR 
image can present a difficult problem since the apparent brightness of an 
image pixel is critically dependent on the relative position of the sensor. 
A small change in the aspect angle can significantly alter the appearance of 
a scene as shown in Figure 10. Furthermore, SPiR imagery is corrupted by both 
speckle and thermal noise, pulse compression sidelobes, ambiguity responses 
and weak signal suppression effects (61. 
design, the effects of most of these distortions on the final image product 
can be minimized. 
greatest in coherent imagery of terrain with a surface roughness comparable 
to the wavelength of the illumination [151. 
summarion of looks or filtering at the cost of pixel resolution. 
With proper radar and processor 
The image degradation resulting from speckle noise is 
The speckle can be reduced by 
When attempting to register S A R  imagery from two adjacent passes for the 
purpose of constructing a mosaic, the distortion resulting from speckle can 
cause misregistration. This results from the fact that for a small change in 
the sensor qosition ( 4  km for SEASAT) the speckle noise in the resultant 
imagery is totally independent. Therefore, from one pass to the next a 
feirb.ure may be distorted differently resulting in a poor correlation between 
the two frames. An additional factor that can cause image misregistration 
between two adjacent passes i c  a phennrnenon C A I  l e d  epeciiln_r poin t  
1 7 7  
migration i l l u s t r a t e d  i n  Figure 11. 
varying s lope i s  imaged from two d i f f e r e n t  sensor posi t ions.  
pos i t i on  of a f e a t u r e  changes r e l a t i v e  t o  o the r  features wi th in  t h e  frame 
because the  point  of maximum r e f l e c t i v i t y  of t h a t  f ea tu re  occurs  a t  a s lope 
perpendicular t o  t h e  radar  beam. This e f f e c t  can a l s o  resu l t  i n  apparent 
mi s reg i s t r a t ion  of f ea tu res  i n  SAR imagery. 
This e f f e c t  occurs when a f ea tu re  with a 
?ne apparent 
IV. CURRENT PXOGkESS IN REGISTRATION/RECTIFICATION OF SAR FREQUENCY 
Many of the ,rometric and radiometric distortions present in digitally 
The effect processed SAR imagery do not occur in optically sensed imagery. 
of these distortions on image resolution, rectification and ultimately 
mosaicking have not been fully investigated. 
been constructed with digital SAR imagery and at present no ccmprehensive 
studies have been conducted to investigate the feasibility of generating 
unsupervised mosaics. 
To date very few mosaics have 
The SAR processing research group at Jet Propulsion Laboratory has laid 
the ground work for development of an unsupervised mosaicking procedure and 
plans to implement this procedure within the next year. Recently completed 
is an e’gorithm capable or’ determining the absolute lccation of an image 
pixel without the aid of ground reference points (61. 
utilizes information provided by the spacecraft ephemeris and characteristics 
of the sensor data collection system to predict the latitude and longitude of 
an arbitrary image pixel.TeStS 
better than 200 m for SEASAT S A R  data. 
primarily dependelit on the accuracy of the spacecraft position and velocity 
prcvided by the ephemeris and the validity of the assumed geoid in the target 
area. 
This algorithm 
have rhovn this technique has an accuracy of 
The target location uncertainty is 
The capability for unsupervised pixel location is a prerequisite for 
automated rectification and mosaicking of SAR imagery. 
both t h e  sensor and target position, the parameterb for slant range to ground- 
range conversion can be determined as well as the Doppler shift in the echo 
With informtion on 
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da ta .  Using t h i s  i n f o m a t i o n  and t h e  image p rocess ing  parameters ,  i t  i s  a 
s i m p l e  procedure t o  conduct range and azimuth i n t e r p o l a t i o n  t o  remove t h e  
ground rallge n o n l i n e a r i t y  and azimuth skew d i s t o r t i o n s .  An a lgo r i thm h a s  
been developed a t  JPL t o  c o r r e c t  t h e s e  d i s t o r t i o n s  f o r  d i g i t a l l y  c o r s  ' 
SEASAT imagery. 
u t i l i z i n g  t h e  hardware a r c h i t e c t u r e  of t h e  d i g i t a l  p roces ro r "  
c o n f i g u r a t i o n ,  shown i n  Figure 12, was designed both for e f f i c i e n c y  and 
economy 1171. The h o s t  computer i s  a Systems Engineering Laboratory 32/77 
which f e a t u r e s  very r a p i d  1/0 d a t a  t r a n s f e r s .  
F l o a t i n g  Po in t  Systems AP120b array p rocesso r s  and four  300 Mbyte d i s c s .  
image d a t a  i s  t r a n s f e r r e d  from d i s c  t o  t h e  array p rocesso r s  chrough t h e  
hos t .  
r e t u r n s  t h e  r e c t i f i e d  product t o  t h e  h o s t  t o  be merged and t r a n s f e r r e d  t o  
d i s c .  
6000 x 6000 p i x e l  frame which cove r s  a LOO x 100 km ground area i n  under 
30 minutes.  
be  ea s i ly  inco rpora t ed  i n t o  t h e  image product ion procedure. 
d 
..pleneni A prel iminary v e r s i o n  of t h i s  a lgo r i thm h a s  been 
This  l-ardware 
Attached t o  t h e  h o s t  are t h r e e  
The 
Each AP o p e r a t e s  s imultaneously on a s e p a r a t e  area of t h e  image and 
It i s  a n t i c i p a t e d  t h a t  w i th  proper  d e s i g n  t h i s  approach can  r e c t i f y  a 
This  approach is  compatible wi th  t h e  image p rocesso r  and could 
A p r e l i r h a r y  v e r s i o n  of t h i s  a lgo r i thm i s  cu r r* . : \ t l y  o p e r a t i n g  a t  JPL .  
It u t i l i z e s  a s i n g l e  AP and makes some s impl i fy ing  assumptlons i n  g e n e r a t i n g  
t h e  r e c t i f i c a t i o n  parameters.  
i s  80 minutes. The ou tpu t  has  been resampled t o  12.5 rn spac ing  i n  both t h e  
range and azimuth dimensions- 
The c u r r e n t  o p e r a t i n g  time f o r  a f u l l  frame 
As a resul t  of approximation, t h e  r e c t i f i e d  
product s t i l l  c o n t a i n s  some r e s i d u a l  skew.  
r e g i s t r a t i o n  error a c r o s s  a LOO-k-m frame. 
u s ing  a more exac t  ve r s ion  of t h e  a lgo r i thm i s  less than  50 m o r  about 
2 p i x e l s .  
Tests show approximately a 200 m 
The expected r e g i s t r a t i o n  e r r o r  
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Following completion and test of the rectification algorithm, studies 
are planned to investigate the feasibility of generating unsupervised image 
mosaics. 
passes will be examined. 
comon features as well as the mieregistration between geometrically 
corrected images from two adjacent passes. 
techniques are also being considered to locate suitable tie points. 
Imagery from parallel passes as well as ascending and descending 
Statistics will be campiled on the correlaticn of 
Automated feature detection 
Obviously much work remains to be done with regard to rectification and 
registration of SAR imagery. 
offers distinct advantages over optical imagery such as: 
processing, large inherent dynamic range and highly accurate pixel locatiou. 
The refinement of these techniques utilizing SEASAT SAR data will provide 
inaight into the design of future sensor systems to optimize the registration 
and rectification accuracy. 
It is clear that digitally correlated imagery 
reproducible 
i a i  
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F i g u r e  2 .  S l a n t  range  t o  ground r'inge n o n l i n e a r i t y  i n h e r e n t  
i n  a l l  s f d e  look ing  radai systems. Near range 
f e a t u r e s  arc. compressed re la t ive  t o  f a r  range  
f e a t u r e s  because  of c h m g e  i n  i n c i d e n c e  a n g l e ,  C.  
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Figure 6 .  Radar layover i s  a function ti€ the t erra in  
s lope  and the s h n t  range to the targe t .  Laynvcr 
occurs when the surface feature s lope  exceeds t h e  
look angle .  Signal scat tered from the top of 
f ea tures  1 ard 2 h i l l  be placed a t  a nearer cross- 
track p o s i t i o n  i n  the image than s igna l  s ca t tered  
from the bot  tm. 
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Figure  7 .  Range m i g r a t i o n  o f  t h e  ground t r a c k  r e s u l t i n g  f r o m  
e a r t h  r o t a t i i r n  d u r i n g  the imaging pe r iod  i s  shown 
i n  a .  
wiwrc V, i s  t h e  v e l o c i t y  of the e a r t h  and 
imaging time for  t h e  frame, The c r o s s  t r a c k  skew 
sliown i n  b is a p p l i e d  d u r i n g  t h e  image formation. 
The range skew d i s t a n c e  is given by d, = V,*.'.t 
is  t l i P  
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Figure 8. Plot of Doppler frequency a s  a funct ion of  
swath position and lat i tude .  Nominal va lues  
f o r  SEASAT SAR were assumed for spacecraft 
i n  descending mode, (Mu, 1981). 
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Figuro 10. Effect of radar aspect angle on the apparent 
brightness of target.  Figure 1Ca was imaged 
during a descending mode and Sigure 10b during 
an ascending mode 
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SENSOR 
Figure 11. Specular point migrat icn resu l t s  whe1.i sensor images 
the same feature from two di f ferent  pos i t ions .  
Point of maximum return i s  dependent on target slope 
and miiy vary re la t ive  t o  other features within the 
fra  2. 
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HOST COMPCITBIL 
Figure 12. Block diagram of  d i g i t a l  processing system at  
Jet  Propulsion Laboratory. Data is recorded 
on high density d i g i t a l  tape (HDDT) a t  the 
tracking s tat ion.  It  is  received a t  the 
processing f a c i l i t y  v ia  an opt ica l  l ink and 
recorded on disk for processing (Wu, 1981). 
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